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Three Enterobacter agglomerans strains which produce and excrete proteins with chitinolytic activity were
found while screening soil-borne bacteria antagonistic to fungal plant pathogens. The chitinolytic activity was
induced when the strains were grown in the presence of colloidal chitin as the sole carbon source. It was
quantitated by using assays with chromogenic p-nitrophenyl analogs of disaccharide, trisaccharide, and
tetrasaccharide derivatives of N-acetylglucosamine. A set of three fluorescent substrates with a 4-methylum-
belliferyl group linked by b-1,4 linkage to N-acetylglucosamine mono- or oligosaccharides were used to identify
the chitinolytic activities of proteins which had been renatured following their separation by electrophoresis.
This study provides the most complete evidence for the presence of a complex of chitinolytic enzymes in
Enterobacter strains. Four enzymes were detected: two N-acetyl-b-D-glucosaminidases of 89 and 67 kDa, an
endochitinase with an apparent molecular mass of 59 kDa, and a chitobiosidase of 50 kDa. The biocontrol
ability of the chitinolytic strains was demonstrated under greenhouse conditions. The bacteria decreased the
incidence of disease caused by Rhizoctonia solani in cotton by 64 to 86%. Two Tn5mutants of one of the isolates,
which were deficient in chitinolytic activity, were unable to protect plants against the disease.

Various strains of Enterobacter spp. have been described as
being effective biological control agents antagonistic to many
fungal phytopathogens. Several isolates of Enterobacter cloacae
are known to be biocontrol agents for different rots and
preemergence damping-off of pea, beet, cotton, and cucumber
plants incited by Pythium spp., as well as of Fusarium wilt of
cucumber and some other plant diseases caused by fungal
pathogens (7, 22, 35). Enterobacter aerogenes B8 significantly
reduced infections of apple crown and root rot caused by
Phytophtora cactorum (38). Some strains of Enterobacter agglo-
merans were shown to be efficient in the control of plant dis-
eases caused by different bacterial and fungal pathogens (10,
22, 27). Various traits expressed synchronously or in a con-
trolled sequence are considered responsible for the action of
these strains as biological control agents (24). The ability to
produce an antibiotic-like substance was found in strain E.
aerogenes B8 (39). Strains of E. cloacae and E. agglomerans
were found to produce hydroxamate siderophores (2, 16) and
different volatile and nonvolatile antifungal metabolites (11,
37). Competition for nutrients and rhizosphere colonization
ability were considered possible mechanisms of antifungal ac-
tivity in E. cloacae (40) and E. agglomerans (10), respectively.
Although some strains of Enterobacter spp. suppress many

fungal plant pathogens, data pertaining to the chitinolytic ac-
tivity of these bacteria are still restricted to only one strain of
E. cloacae, and these data are rather inconsistent (17, 29). It is
well known, however, that chitin, an insoluble linear polymer
of N-acetylglucosamine (GlcNAc) in a b-1,4 linkage, is a major
structural component of most fungal cell walls, and that many
species of bacteria, streptomycetes, actinomycetes, fungi, and
plants produce chitinolytic enzymes (21, 32). Bacteria from the
genera Aeromonas (12) and Serratia (26) and fungi from the

genera Gliocladium (4) and Trichoderma (5), all of which pro-
duce chitinolytic enzymes, have been shown to be potential
agents for the biological control of plant diseases caused by
various phytopathogenic fungi. Evidence that these enzymes
are responsible for that effect has been presented (18, 33).
Attachment to fungal hyphae was considered an important
mechanism in the biocontrol activity of E. cloacae strains
against Pythium ultimum (23), and the stimulation of this bind-
ing by chitinolytic enzymes from Trichoderma harzianum was
demonstrated (17).
In the present work, we found that three soil-borne strains of

E. agglomerans, which are antagonists of many phytopatho-
genic fungi, possess strong chitinolytic activity. The strains
were isolated in the course of a screening program for rhizo-
spheric bacteria exhibiting a broad range of antagonism toward
microbial phytopathogens (3). These strains were found to
produce and excrete a complex of chitinolytic enzymes, which
were resolved and partially characterized. The role of the chiti-
nolytic enzymes in suppressing fungal phytopathogens was
studied by using Rhizoctonia solani in cotton as a model, com-
paring natural isolates with mutants deficient in chitinolytic
activity.

MATERIALS AND METHODS
Cultures and growth media. The three strains of bacteria used in this work

(IC960, IC993, and IC1270) were independently isolated from the rhizosphere of
different grape bushes in vineyards in the Samarkand region (Republic of
Uzbekistan). The isolates were identified as Enterobacter (Pantoea) agglomerans
by microbiological and biochemical tests and by gas chromatographic analysis of
the whole-cell fatty acid methyl esters. The identification was performed inde-
pendently in the Bacterial Division of the All-Russia Collection of Microorgan-
isms (Puschino, Moscow Region, Russia) and in the Department of Plant Pa-
thology, Auburn University. The strains were found to produce as yet
unidentified antibiotic-like substances and to exhibit proteolytic activity (our
unpublished observation). Escherichia coli S17-1 [pro thi hsdR hsdM1 recA
(RP4-2 Tc::Mu-Km::Tn7) inserted into the chromosome, Smr Rifs] carrying the
pSUP2021 plasmid [Apr Cmr Tcr Kmr (Tn5) ColE1 replicon tra mob1], a suicide
vector suitable for the introduction of transposon Tn5 into most gram-negative
bacteria (34), was used for transposon mutagenesis. Phytopathogenic fungi were
from our and from the Moscow University (Russia) collections. Plasmid
pMNU4, which is a derivative of plasmid pUC18 carrying the Tn5 insertion in a
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fragment of Rhizobium DNA, was a gift from H. K. Mahanty (University of
Canterbury, Canterbury, New Zealand). For bacterial growth, liquid or solid
(1.5% [wt/vol] agar) Luria broth and agar, nutrient broth and agar (Difco), and
minimal 925 medium (15) supplemented with 0.2% (wt/vol) glucose were used.
To induce chitinolytic activity, bacteria were grown in liquid synthetic medium
(SM) (20) with 0.2% (wt/vol) colloidal chitin prepared by the method of Ro-
driguez-Kabana et al. (31) by partial hydrolysis with 10 N HCl for 1.5 h at room
temperature. The colloidal chitin was then washed several times with large
volumes of tap water and then washed with distilled water for 5 to 7 days to adjust
the pH. The mutants deficient in chitinolytic activity were grown on SM with
chitin supplemented with 0.4% (wt/vol) casein enzymatic hydrolysate (Sigma).
Potato dextrose agar (PDA; Difco) was used for cultivation of fungi.
Assay for antagonism to fungi. Bacteria were grown for 48 h in Luria or

nutrient broth at 308C with aeration. The suspension of cells was streaked in a
line at the center of a PDA plate and incubated at 308C for 24 to 48 h. Two
5-mm-diameter agar disks from an actively growing fungal culture were placed 3
to 4 cm away from each side of the bacterial growth area, and the plates were
incubated at 308C for 3 to 20 days, until mycelium growing from the two sides on
a control plate (with a stretch of sterile water instead of bacteria down the
middle) came into contact.
Detection of chitinolytic activity on plates. To test for chitinolytic activity on

the plates, cells were streaked on semiminimal medium, i.e., a mixture of SM and
nutrient broth (3:1) supplemented with colloidal chitin (0.2%) and solidified with
1.5% agar. The plates were incubated at 308C for 72 to 96 h until zones of chitin
clearing could be seen around the colonies.
Preparation of extracellular and intracellular proteins. Cells were grown in

SM with 0.2% colloidal chitin as the sole carbon source or in minimal 925
medium with 0.2% glucose for up to 120 h at 308C with aeration. Aliquots were
removed at the indicated intervals. The cells were centrifuged, and the superna-
tant was filtered through 0.45-mm filters (Schleicher & Schuell). Intracellular
proteins were extracted from cells with a French pressure cell press (Aminco) at
1,500 lb/in2. Debris was separated by centrifugation, and the extracts were fil-
tered as described above. In some experiments, leupeptin (final concentration, 2
mg/ml) and phenylmethylsulfonyl fluoride (PMSF; final concentration, 0.2 mM)
(both from Sigma) were added as protease inhibitors. Filtrates containing extra-
cellular or intracellular proteins were used for solution assays of chitinolytic
enzymes. For analysis by gel electrophoresis, the filtrates were first dialyzed and
concentrated in Micro-ProDiCon membranes (molecular weight cutoff, 25,000)
against distilled water at 48C in a Micro-P negative-pressure microprotein dial-
ysis/concentrator (Bio-Molecular Dynamics).
Assays of chitinolytic activity in solutions.A chromogenic assay procedure was

performed by the method of Roberts and Selitrennikoff (30) with modifications
described previously (9, 12). The following chromogenic oligomers of N-acetyl-
b-D-glucosamine (GlcNAc) were used as substrates: p-nitrophenyl-N-acetyl-
b-D-glucosaminide (pNP-GlcNAc), p-nitrophenyl-b-D-N,N9-diacetylchito-
biose [pNP-(GlcNAc)2], and p-nitrophenyl-b-D-N,N9,N0-triacetylchitotriose
[pNP-(GlcNAc)3] (Sigma). The standard reaction mixture contained ca. 8 mg
of the proteins tested in 0.1 M phosphate buffer, pH 6.5, and 25 ml of stock
solution (1 to 2 mg/ml) of one of the three above-mentioned substrates. The
reaction mixture was incubated at 408C in a waterbath until a slight yellow-green
color appeared. The reaction was terminated by adding an equal volume of 0.2
M Na2CO3. The release of the chromophore p-nitrophenol from the substrates
was measured at 410 nm, and 1 U of enzymatic activity was defined as 1 mmol of
pNP/mg of protein/h. Chitinolytic activity was also determined by the release of
GlcNAc from chitin by the method of Reissig et al. (28). In this case, 1 U of
chitinolytic activity was expressed as 1 mmol of GlcNAc/mg of protein/h. The
production of GlcNAc was monitored at 544 nm. Endochitinase activity in
culture filtrates was measured by the reduction of turbidity of a suspension of 1%
colloidal chitin by a procedure described elsewhere (9). One unit of endochiti-
nase activity was defined as the amount of enzyme required to reduce the
turbidity of a chitin suspension by 5% (9).
Protein content was determined with the Bio-Rad protein assay reagent and

bovine serum albumin as a standard.
Detection of chitinolytic enzymes after gel electrophoresis. Proteins concen-

trated in the Micro-ProDiCon system were prepared in Laemmli sample buffer
(13) without 2-mercaptoethanol (except when specifically indicated) and incu-
bated for 10 min at room temperature or for 3 min at 558C prior to loading. Each
lane contained about 8 mg of protein. The proteins were separated by sodium
dodecyl sulfate (SDS)–7.5% polyacrylamide gel electrophoresis (PAGE). En-
zymes were reactivated in the gels by removing SDS by the casein-EDTA pro-
cedure (19) as modified by Haran et al. (8). Enzyme activity was detected on gels
by using fluorescent substrates as described by Tronsmo and Harman (36). The
chitinolytic enzymes appeared as fluorescent bands under UV light because of
enzymatic hydrolysis of the fluorescent substance 4-methylumbelliferone from the
N-acetylglucosamine mono- and oligosaccharides. The following substrates were
used: 4-methylumbelliferyl-N-acetyl-b-D-glucosaminide (4-MU-GlcNAc); 4-methy-
lumbelliferyl-b-D-N,N9-diacetylchitobioside [4-MU-(GlcNAc)2]; and 4-methylum-
belliferyl-b-D-N,N9,N0-triacetylchitotriose [4-MU-(GlcNAc)3] (Sigma). These com-
pounds served as analogs of disaccharide, trisaccharide, and tetrasaccharide chitin
derivatives, respectively, with the 4-methylumbelliferyl group linked byb-1,4 linkage
to the N-acetylglucosamine monosaccharide (in the case of 4-MU-GlcNAc) or
oligosaccharides [in the case of 4-MU-(GlcNAc)2 and 4-MU-(GlcNAc)3]. The mo-

lecular weights of the renatured chitinases were estimated by using low-range
prestained standards (Bio-Rad Laboratories), which included the following proteins:
phosphorylase B (106 kDa), bovine serum albumin (80 kDa), ovalbumin (49.5 kDa),
carbonic anhydrase (32.5 kDa), soybean trypsin inhibitor (27.5 kDa), and lysozyme
(18.5 kDa). Proteins separated by SDS-PAGE were stained with Coomassie brilliant
blue G-250 prepared as described by Neuhoff et al. (25).
Tn5 mutagenesis. A spontaneous mutant of strain IC1270, resistant to rifam-

picin, was used as a recipient in mating on membrane filters with E. coli S17-1
carrying the pSUP2021 plasmid by a procedure described previously (34). Ka-
namycin-resistant transconjugants occurred at a frequency of 1025 per recipient
cell. Among 3,750 clones of the transconjugants screened for deficiency in sup-
pression of various phytopathogenic fungi in vitro, 6 were found to be unable to
inhibit fungal growth. One of these, designated IC1270-E1, failed to hydrolyze
colloidal chitin in the plate test. This mutant was used for further studies.
Another 3,000 clones of the transconjugants were tested directly for deficiency in
chitinolytic activity on plates. Four mutants were unable to form clearing zones
on agar medium with colloidal chitin. Mutant IC1270-2h, which was deficient in
chitinolytic activity but was still able to suppress growth of the fungi on plates,
was chosen for further studies.
DNA manipulations. Extraction of plasmid pMNU4 DNA from E. coli by the

alkaline lysis method, isolation of genomic DNA from strain IC1270 and its Tn5
mutant, digestion of the DNA by restriction endonucleases, electrophoretic
separation of the restriction fragments, isolation of the fragments from the
agarose gel, and Southern hybridization were performed by standard procedures
(1). The 3.3-kb HindIII fragment of pMNU4 was used as a DNA probe. Labeling
of the fragment with a-32P-labeled CTP (3,000 Ci/mmol; Amersham) was carried
out by using the random prime DNA labeling kit (Boehringer, Mannheim,
Germany). Restriction enzymes were purchased from Fermentas MBI and used
under the conditions recommended by the manufacturer.
Greenhouse assays. R. solani damping-off of cotton (Gossypium barbardense L.

‘‘Pima’’) seedlings was chosen as a model to test the efficacy of E. agglomerans
isolates as biocontrol agents, using a previously described procedure (5, 12).
Polypropylene boxes were two-thirds filled with sandy loam soil (pH 7.2), and 10
seeds were placed in each box. A seed cover layer (one-third of the pot’s depth)
was infested with a preparation of R. solani and mixed with a water suspension
of the bacteria being tested (ca. 108 cells per kg). Soil infested with the pathogen
but not treated with bacteria served as a control. Each strain was tested in six
replicates, and experiments carried out at 28 to 308C were repeated five times.
Disease incidence was determined after 12 to 14 days as the percentage of
seedlings with root rot.

RESULTS

Antifungal activity. Isolates IC960, IC993, and IC1270 were
found to suppress the growth of various fungal phytopathogens
in vitro. The inhibition zones between pathogenic fungi and

FIG. 1. Clearing zones of colloidal chitin formed by chitinases produced by
E. agglomerans. Quadrants: 1, strain IC1270; 2, mutant IC1270-E1; 3, strain
IC960; 4, strain IC993.
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the strain tested were up to 20 mm for Bipolaris sorokiniana,
Botrytis cinerea, Fusarium avenaceum, F. culmorum, F. gra-
minearum, F. moniliforme f. sp. lactis, Sclerotium rolfsii, and
Verticillium dahliae and up to 30 mm for F. oxysporum f. lyco-
persicum, F. oxysporum f. sp. meloni, F. oxysporum f. sp. vasin-
fectum, F. roseum, and R. solani. No significant difference in the
antifungal activity of the isolates was observed, but strain
IC960 was unable to inhibit the growth of B. sorokiniana and

only strain IC1270 was found to be suppressive for Pythium
spp. (data not shown).
Chitinolytic activity. All three E. agglomerans strains hydro-

lyzed colloidal chitin after 72 to 96 h of growth on semiminimal
agar (SM plus nutrient broth at a 3:1 ratio) supplemented with
colloidal chitin as the sole carbon source. Large zones of clear-
ing around the growing bacteria were observed. The Tn5 mu-
tant IC1270-E1 did not exhibit this activity (Fig. 1). Mutant
IC1270-2h was also unable to form clearing zones (not shown).
These results suggested that chitinolytic enzymes may be

secreted by the strains into the culture medium. To investigate
this, bacteria were grown in SM with chitin for up to 120 h. At
24-h intervals, aliquots of cell cultures were taken, and the
presence of chitinolytic enzymes in extra- and intracellular
proteins was examined in reaction mixtures with colloidal
chitin or chromogenic oligomers of GlcNAc. The chitinolytic
activity in the culture fluid reached its maximum at about 60 h
of cultivation (data not shown), and this time period was cho-
sen for all later experiments presented here. The chromophore
p-nitrophenol was released from all three substrates, but the
level of activity was highest in the reaction with the pNP
monosaccharide derivative (pNP-GlcNAc) (Fig. 2). As shown
for strain IC1270 (Fig. 2, column 4), the activity was found not
only extracellularly, but also in intracellular proteins of the
strains, and it was even higher than in the secreted proteins.
Similar results were obtained with the intracellular proteins of
strains IC960 and IC993 (data not shown). In the colloidal
chitin reaction, specific chitinolytic activity in the extracellular
proteins varied between 2 and 5 U for all three strains.
A decreased level of chitinolytic activity was exhibited by

proteins secreted by the IC1270-E1 and IC1270-2h mutants
compared with their parent strain (Fig. 2, columns 5 and 7).
Chitinolytic activity was also significantly lower in intracellular
proteins of the E1 (Fig. 2, column 6) and 2h (data not shown)
mutants. These results indicate that both mutants are deficient
in chitinolytic enzyme production. The low level of chitinolytic
activity in the secreted proteins could be a consequence of this
deficiency.
When the chitin in the medium was replaced with glucose or

sucrose, only one of the strains (IC960) showed constitutive
chitinolytic activity, but this activity was very low, less than 10%
of that exhibited in the presence of chitin (data not shown).
Extracellular proteins in culture filtrates of strains IC960,

IC993, and IC1270 grown with chitin as the sole carbon source
reduced the turbidity of colloidal chitin by about 50% (ca. 10 U
of endochitinase activity).
Identification of chitinolytic enzymes. The chitinolytic activ-

ity of extracellular and intracellular proteins which had been
renatured following their separation by SDS-PAGE was deter-
mined with a set of three fluorescent chitin derivatives. The
chitinolytic enzymes appeared as fluorescent bands under UV
light as a result of hydrolysis of the fluorescent substance
4-methylumbelliferone from the GlcNAc mono- and oligosac-
charides (Fig. 3). Four distinct enzymes, designated according
to their apparent molecular masses as CHIT89, CHIT67,
CHIT59, and CHIT50, were detected in the culture medium of
strains IC960 and IC993 growing on chitin. In strain IC1270,
only CHIT89, CHIT67, and CHIT59 were found, with the
activity of the 59-kDa enzyme being apparently lower than in
the two other strains. This difference is probably not due to
proteolysis, as preparations with and without protease inhibi-
tors (leupeptin and PMSF) showed the same level of chitino-
lytic activity and similar chitinase profiles (data not shown). As
shown in Fig. 3, CHIT89 and CHIT67 activities were detected
by all three substrates, CHIT59 activity was detected with an-
alogs of trimeric [4-MU-(GlcNAc)2] and tetrameric [4-MU-

FIG. 2. Chitinolytic activity in extracellular and intracellular proteins of E.
agglomerans strains grown for 60 h with chitin as the sole carbon source. Assays
were done with (A) p-nitrophenyl-N-acetyl-b-D-glucosaminide, (B) p-nitrophe-
nyl-b-D-N,N9-diacetylchitobiose, and (C) p-nitrophenyl-b-D-N,N9,N0-triacetylchi-
totriose. Columns 1 to 3, 5, and 7, chitinolytic activity in extracellular proteins of
strains IC1270, IC960, IC993, and mutants IC1270-E1 and IC1270-2h, respec-
tively. Columns 4 and 6, chitinolytic activity in intracellular proteins of strain
IC1270 and its mutant IC1270-E1, respectively. Averages of 4 to 12 independent
determinations are presented.
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(GlcNAc)3] chito-oligosaccharides, and CHIT50 activity was
revealed only with the trimeric analog.
The chitinolytic enzymes of strain IC993 were found to differ

in their ability to be renatured by the casein-EDTA procedure
following heat treatment. CHIT89 retained its activity after
treatment at 558C for 3 min but was completely or significantly
inactivated (depending on the substrate) by heating in the
presence of 2-mercaptoethanol. CHIT67 was irreversibly inac-
tivated by heating with or without 2-mercaptoethanol. CHIT59
activity could be renatured regardless of the presence of 2-mer-
captoethanol in the buffer, and this was observed even after
boiling for 30 min. The activity of CHIT50 was rather resistant
to heating (558C, 3 min) with or without 2-mercaptoethanol
(Fig. 3, lanes 7 and 8). Similar results were obtained with the
corresponding enzymes from strains IC1270 and IC960 (data
not shown).

Some additional chitinolytic activity, with a molecular mass
higher than 106 kDa, was observed in secreted proteins when
the trimeric and tetrameric, but not the dimeric, chitin deriv-
atives were used as substrates. However, the activity could not
be found in intracellular proteins, and it disappeared following
heating (Fig. 3B and C). It can therefore be assumed that this
activity stemmed from the unresolved complex of the lower-
molecular-mass chitinolytic enzymes.
The intracellular proteins of the Tn5 mutant IC1270-E1

exhibited significantly less chitinolytic activity than those of the
parent wild-type strain (Fig. 3, lanes 6 versus lanes 4), and little
activity was found in the secreted proteins of the mutant (lane
5).
Bands corresponding to the above chitinolytic enzymes

could be observed by SDS-PAGE after Coomassie blue stain-
ing of the proteins excreted by the strains grown in the pres-
ence of colloidal chitin. The 67-, 59-, and 50-kDa enzymes were
the most abundant proteins secreted by strains IC960 and
IC993, with an additional, weaker band corresponding to the
89-kDa protein (Fig. 4, lanes 5 and 6). These proteins were not
visible when strain IC993 was grown on glucose instead of
chitin (Fig. 4, lane 8). The same results were obtained for
strains IC1270 and IC960 despite the ability of the latter strain
to produce minor chitinolytic activity constitutively (data not
shown). The 89-, 67-, and 59-kDa proteins were found in se-
creted fractions of strain IC1270 (Fig. 4, lane 4). These pro-
teins correspond to the chitinolytic enzymes of the strain, but
an additional abundant protein secreted by IC1270 (apparently
53 kDa) is probably different from CHIT50, as no activity of
the enzyme was found in this strain (Fig. 3B, lane 1). Among
the intracellular proteins of strain IC1270, a band coinciding
with CHIT89 was among the most abundant, and CHIT67
could also be distinguished, whereas the 59-kDa band was only
slightly visible (Fig. 4, lane 1). This result agrees with the data
shown in Fig. 3B and C, lanes 4. None of these bands were seen
in the secreted proteins of mutant IC1270-E1 (Fig. 4, lane 2),
but intracellular proteins with molecular masses of 89 and 67
kDa were still visible as weak bands (Fig. 4, lane 3). The
CHIT59 and CHIT50 enzymes, which retained some activity
when heated in the presence of 2-mercaptoethanol (Fig. 3B
and C, lanes 8), could be detected under these conditions by
Coomassie staining (Fig. 4, lane 7). However, protein bands
corresponding to CHIT89 and CHIT67, despite their inactiva-
tion by heating in the presence or absence of 2-mercaptoetha-
nol, respectively (Fig. 3, lanes 7 and 8), could also be seen
following staining (Fig. 4, lanes 4 to 8).

FIG. 3. Detection of chitinolytic activity of extracellular and intracellular
proteins produced by E. agglomerans strains grown on SM with chitin after
separation by SDS-PAGE. Chitinolytic activity was detected with the substrates
(A) 4-MU-GlcNAc, (B) 4-MU-(GlcNAc)2, and (C) 4-MU-(GlcNAc)3. Lanes 1 to
3 and 5, extracellular proteins from strains IC1270, IC960, IC993, and mutant
IC1270-E1, respectively. Lanes 4 and 6, intracellular proteins from strain IC1270
and its Tn5mutant IC1270-E1, respectively. Lanes 7 and 8, extracellular proteins
of strain IC993 heated at 558C in sample buffer, without and with 2-mercapto-
ethanol, respectively. Low-range prestained SDS-PAGE standards (Bio-Rad)
were used as size markers (M).

FIG. 4. Coomassie blue staining of extra- and intracellular proteins produced
by E. agglomerans strains grown on SM with chitin (lanes 1 to 7) or glucose (lane
8) after separation by SDS-PAGE. All samples were heated for 3 min at 558C in
sample buffer without (lanes 1 to 6 and 8) or with (lane 7) 2-mercaptoethanol.
Lanes 1 and 3, intracellular proteins of strain IC1270 and its Tn5mutant IC1270-
E1, respectively. Lanes 2, 4, and 5, extracellular proteins of strains IC1270-E1,
IC1270, and IC960, respectively. Lanes 6 to 8, extracellular proteins of strain
IC993. The molecular masses of the marker proteins are shown on the left.

VOL. 61, 1995 ANTIFUNGAL, CHITINOLYTIC ENTEROBACTER AGGLOMERANS 1723



Analysis of the Tn5 insertion. Southern hybridization of
EcoRI- or BamHI-digested DNA from strain IC1270 and its
mutants demonstrated that in the mutant IC1270-E1, Tn5 was
inserted at only one site, since only one EcoRI fragment hy-
bridized with the Tn5 probe and only two bands of hybridiza-
tion appeared after digestion of the mutant genomic DNA with
BamHI (Fig. 5). Tn5 was inserted into the IC1270-2h mutant’s
genome at two sites, different from IC1270-E1 (data not
shown).
Biocontrol activity. Use of the E. agglomerans strains to

reduce the incidence of disease caused by R. solani in cotton
revealed a suppressive effect (Fig. 6). When the bacteria were
applied as a bacterial suspension mixed with the seed cover
layer, the number of seedlings with root rot symptoms caused
by the fungus decreased, and disease reduction varied between
64 and 86%, depending on the strain. The disease level was
significantly lower than that of untreated plants (P , 0.05).
IC1270-E1 and IC1270-2h, deficient in chitinolytic activity,
were unable to serve as biocontrol agents. When mutant
IC1270-E1, which lost both the antibiotic-like and proteolytic
activities of the parent strain IC1270, was used, only 20%
disease reduction was observed (Fig. 6, column 5), which was
not significantly different (P . 0.05) from the untreated con-
trol (Fig. 6, column 1). In spite of the fact that IC1270-2h
inhibited the growth of R. solani on plates, it did not protect
cotton against this fungus in the greenhouse (Fig. 6, column 6).

DISCUSSION

Several strains of Enterobacter spp. which can suppress the
growth of different pathogenic fungi have been described pre-
viously (7, 22, 27, 35, 38). With one exception, strain E6 of E.
cloacae (17, 29), none of these strains were described as pro-
ducing chitinolytic enzymes. However, there is a wealth of data
supporting the important role of these hydrolytic enzymes,

which degrade chitin, a major structural component of the cell
wall of almost all fungi, in bacterium-fungus and fungus-fungus
antagonisms (for reviews, see references 14 and 32).
The chitinolytic strains described here were selected primar-

ily for their ability to suppress the growth of several phyto-
pathogenic fungi in vitro, and no enrichment techniques were
used to specifically select chitinolytic bacteria. Nevertheless,
we found that three isolates, identified as E. agglomerans, ex-
hibited strong chitinolytic activity, as determined by the for-
mation of clearing zones on chitin agar, by the release of
p-nitrophenol from the chromogenic chito-oligosaccharide an-
alogs, and by the release of reducing GlcNAc from colloidal
chitin. The level of specific chitinolytic activity in all the En-
terobacter strains tested by the latter assay was very similar to
that found for chitinolytic Serratia marcescens and Aeromonas
caviae (12).
We used a set of fluorescent 4-MU glucosides of GlcNAc

mono- and oligosaccharides as substrates to identify the chiti-
nolytic activity of proteins renatured following their separation
by SDS-PAGE. Two strains (IC960 and IC993) produced at
least four chitinolytic enzymes, designated according to their
apparent molecular masses as CHIT89, CHIT67, CHIT59, and
CHIT50. The last enzyme was not detected in any preparations
of the third strain, IC1270, and this strain’s CHIT59 activity
was apparently weaker than that of the other strains (Fig. 3).
The enzymes differed in substrate specificity. CHIT89 and
CHIT67 released fluorescent 4-MU from all three substrates.
CHIT59 released 4-MU from trimeric [4-MU-(GlcNAc)2] and
tetrameric [4-MU-(GlcNAc)3] chitin analogs, but not from the
monosaccharide derivative 4-MU-GlcNAc. CHIT50 was de-
tected only when [4-MU-(GlcNAc)2] was used.
According to current practice (21, 32), the chitinolytic en-

zymes were divided into three principal types. Endochitinase
(EC 3.2.1.14) is defined as an enzyme catalyzing the random
hydrolysis of 1,4-b linkages of GlcNAc at internal sites over the
entire length of the chitin microfibrils. Exochitinase, or
chitibiosidase (9), catalyzes the release of diacetylchitobiose
units from the chitin chains as the sole product. N-Acetyl-b-
1,4-D-glucosaminidase (EC 3.2.1.30) is a chitinolytic enzyme
which also acts in exo-splitting mode on diacetylchitobiose and
higher analogs of chitin. The GlcNAc monomers are formed in

FIG. 5. Southern hybridization of Tn5 insertions in a mutant of strain
IC1270. Genomic DNA was digested with EcoRI (lanes 1 and 2) or BamHI (lane
3) and probed with a 3.3-kb HindIII internal Tn5 fragment of plasmid pMNU4.
Lanes: 1, IC1270; 2 and 3, IC1270-E1. The molecular sizes of fragments are
shown in kilobases.

FIG. 6. Biocontrol activity of the E. agglomerans isolates against R. solani on
cotton. Columns 1 to 6, control, isolates IC1270, IC960, and IC993, and the Tn5
mutants IC1270-E1 and IC1270-2h, respectively. Data from five independent
determinations were analyzed. The difference between columns headed by the
same letter is not significant.
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the course of the reaction. Based on this system of nomencla-
ture, CHIT89 and CHIT67, which were able to produce 4-MU
from dimeric, trimeric, and tetrameric chitin derivatives, are
considered N-acetyl-b-1,4-D-glucosaminidases. CHIT59 pro-
duced 4-MU from the trimeric and tetrameric but not from the
dimeric chito-oligosaccharide analogs, and thus we conclude
that it is an endochitinase. The presence of endochitinase
activity was further confirmed by the reduction in chitin tur-
bidity caused by the culture filtrates. The level of this activity
was found to be close to the level of an endochitinase from
Trichoderma harzianum (9). CHIT50 only produced 4-MU
from the trisaccharide analog 4-MU-(GlcNAc)2, and conse-
quently we defined it as a chitobiosidase. Coomassie blue stain-
ing of the proteins secreted into the culture medium supported
our conclusion that these chitinolytic activities represent four
different enzymes. The inactivation of CHIT89 by heating in
the presence of 2-mercaptoethanol suggests the presence of
sulfhydryl groups in the enzyme’s active center.
Since this complex of chitinolytic enzymes has not yet been

purified, it is difficult to consider other characteristics of the
individual enzymes. However, the total chitinolytic activity was
characterized by a relatively wide pH optimum (4.5 to 8.5) and
stability within this pH range (data not shown). These charac-
teristics can be advantageous for these strains for use as anti-
fungal agents. Despite the very similar profiles of chitinolytic
enzymes shown by isolates IC960 and IC993, they differed in
their ability to produce the enzymes constitutively. The consti-
tutive chitinolytic activity of strain IC960 was, however, much
lower than the induced activity.
The Tn5 mutant of strain IC1270 did not express any chiti-

nolytic activity when grown on agar medium with chitin. Some
activity was found in its extra- and intracellular proteins, but it
was significantly lower than that of the parent strain. It could
be suggested, therefore, that mutant IC1270-E1 is defective in
chitinolytic enzyme production. The inability of the mutant to
form clearing zones on chitin agar could be considered a con-
sequence of the significant decrease in chitinolytic enzyme
production, leading to a decrease in their amount in the cul-
ture medium. As was already mentioned, in addition to the
deficiency in chitinolytic activity, the mutant was deficient in
the antibiotic-like and proteolytic activities of the parent strain
IC1270. However, according to the Southern analysis data, Tn5
was inserted into only one site of the mutant genome. It could
be suggested, therefore, that the insertion led to a pleiotropic
mutant phenotype. The existence of global regulation of the
expression of several traits which relate to antifungal activity
was recently described in a biological control strain of Pseudo-
monas fluorescens (6). It is still unclear whether a similar reg-
ulatory pathway is present in our E. agglomerans strains and if
the Tn5 insertion in the mutant IC1270-E1 indeed altered the
expression of a set of genes involved in the antagonistic activity
of the parent strain. In spite of the fact that Tn5 was inserted
into two sites of the IC1270-2h mutant’s genome, this mutant
lost the chitinolytic but not the antibiotic or proteolytic activ-
ities of its parent strain. We still did not know, however, if only
one or both of these insertions affected chitinolytic activity.
The data presented here constitute the most complete evi-

dence yet for the existence of a complex of chitinolytic enzymes
in bacteria of the Enterobacter genus. The only known excep-
tion is E. cloacae E6, although observations made regarding
this strain have been inconsistent (17, 29). Contrary to E.
cloacae E6, our Enterobacter isolates grew when colloidal chitin
was supplied as the sole carbon source, and significant levels of
N-acetyl-b-glucosaminidase, endochitinase, and chitobiosidase
activities were found in the culture supernatants as well as in
intracellular proteins.

Greenhouse experiments revealed biocontrol activity of the
E. agglomerans strains with R. solani in cotton as the model.
The biocontrol effect disappeared when the plants were
treated with the Tn5 mutant E1 or 2h instead of the parent
strain IC1270. These data demonstrate the importance of the
ability to produce and excrete chitinolytic enzymes for biocon-
trol; mutant 2h, which lost only chitinolytic activity but not
antibiotic or proteolytic activities, was no more efficient as a
biocontrol agent than mutant E1, which lost all three activities.
The complexity and diversity of the chitinolytic enzyme system,
with its complementary modes of hydrolyzing chitin, may con-
tribute significantly to the antagonistic activity of the strains
described.

ACKNOWLEDGMENTS

This research was partially supported by research grant 4022-1-91 to
L.C. from the Israel Ministry of Science and Technology and by the
charitable Fund of the Chais family.
We thank M. Vanstein (All-Russian Collection of Microorganisms,

Institute of Biochemistry and Physiology of Microorganisms, Russian
Academy of Sciences, Puschino, Moscow region, Russia) and J. Klo-
epper (Auburn University) for their help in identifying the strains, as
well as H. K. Mahanty (University of Canterbury, New Zealand) for
the pMNU4 plasmid.

REFERENCES

1. Ausubel, F. M., R. Brendt, R. E. Kingston, D. D. Moore, J. G. Seidman, J. A.
Smith, and K. Struhl (ed.). 1994. Current protocols in molecular biology.
John Wiley & Sons, Inc., New York.

2. Berner, I., S. Konetschny-Rapp, G. Jung, and G. Winkelmann. 1988. Char-
acterization of ferrioxamine E as the principal siderophore of Erwinia her-
bicola (Enterobacter agglomerans). Biol. Metals 1:51–56.

3. Chernin, L. S., I. A. Khmel, Z. F. Ismailov, N. B. Lemanova, T. A. Sorokina,
I. D. Avdienko, M. I. Ovadis, O. A. Grischenko, V. N. Pozdnyakov, M. A.
Terentjev, V. A. Lipasova, L. K. Miroshnikova, M. V. Kovalchuk, and I. N.
Stekhin. 1993. Soil-borne bacteria with wide host range of antagonistic
activity against phytopathogenic bacteria and fungi: perspective for biologi-
cal control of plant diseases, p. 76–86. In K. G. Skryabin (ed.), Plant bio-
technology and molecular biology. Pushchino Research Centre, Moscow.

4. Di Pietro, A., M. Lorito, C. K. Hayes, R. M. Broadway, and G. E. Harman.
1993. Endochitinase fromGliocladium virens: isolation, characterization, and
synergistic antifungal activity in combination with gliotoxin. Phytopathology
83:308–313.

5. Elad, Y., I. Chet, and Y. Henis. 1982. Degradation of plant pathogenic fungi
by Trichoderma harzianum. Can. J. Microbiol. 28:719–725.

6. Gaffney, T. D., S. T. Lam, J. Ligon, K. Gates, A. Frazelle, J. Di Maio, S. Hill,
S. Goodwin, N. Torkewitz, A. M. Allshouse, H. J. Kempf, and J. O. Becker.
1994. Global regulation of expression of antifungal factors by a Pseudomonas
fluorescens biological control strain. Mol. Plant-Microbe Interact. 7:455–463.

7. Hadar, Y., G. E. Harman, A. G. Taylor, and J. M. Norton. 1983. Effects of
pregermination of pea and cucumber seeds and of seed treatment with
Enterobacter cloacae on rots caused by Pythium spp. Phytopathology 73:
1322–1325.

8. Haran, S., H. Schikler, A. Oppenheim, and I. Chet. 1995. New components
of the chitinolytic system of Trichoderma harzianum. Mycol. Res. 99:441–446.

9. Harman, G. E., C. K. Hayes, M. Lorito, R. M. Broadway, A. Di Pietro, C.
Deterbauer, and A. Tronsmo. 1993. Chitinolytic enzymes of Trichoderma
harzianum: purification of chitobiosidase and endochitinase. Phytopathology
83:313–318.

10. Hebbar, K. P., A. G. Davey, J. Merrin, and P. J. Dart. 1992. Rhizobacteria
of maize antagonistic to Fusarium moniliforme, a soil-borne fungal pathogen:
colonization of rhizosphere and roots. Soil Biol. Biochem. 24:989–997.

11. Howell, C. R., R. C. Beier, and R. D. Stipanovic. 1988. Production of am-
monia by Enterobacter cloacae and its possible role in the biological control
of Pythium preemergence damping-off by the bacterium. Phytopathology
78:1075–1078.

12. Inbar, J., and I. Chet. 1991. Evidence that chitinase produced by Aeromonas
caviae is involved in the biological control of soil-borne plant pathogens by
this bacterium. Soil Biol. Biochem. 23:973–978.

13. Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature (London) 227:680–685.

14. Lam, S. T., and T. D. Gaffney. 1993. Biological activities of bacteria used in
plant pathogen control, p. 291–320. In I. Chet (ed.), Biotechnology in plant
disease control. Wiley-Liss, Inc., New York.

15. Langley, R. A., and C. I. Kado. 1972. Studies on Agrobacterium tumefaciens:
conditions for mutagenesis by N-methyl-N9-nitro-N-nitrosoguanidine and

VOL. 61, 1995 ANTIFUNGAL, CHITINOLYTIC ENTEROBACTER AGGLOMERANS 1725



relationships of A. tumefaciens mutants to crown gall and tumor induction.
Mutat. Res. 14:277–287.

16. Loper, J. E., C. A. Ishimaru, S. R. Carnegie, and A. Vanavichit. 1993.
Cloning and characterization of aerobactin biosynthesis genes of the biolog-
ical control agent Enterobacter cloacae. Appl. Environ. Microbiol. 59:4189–
4197.

17. Lorito, M., A. Di Pietro, C. K. Hayes, S. L. Woo, and G. E. Harman. 1993.
Antifungal, synergistic interaction between chitinolytic enzymes from Tri-
choderma harzianum and Enterobacter cloacae. Phytopathology 83:721–728.

18. Lorito, M., G. E. Harman, C. K. Hayes, R. M. Broadway, A. Tronsmo, S. L.
Woo, and A. Di Pietro. 1993. Chitinolytic enzymes produced by Trichoderma
harzianum: antifungal activity of purified endochitinase and chitobiosidase.
Phytopathology 83:302–307.

19. McGrew, B. R., and D. M. Green. 1990. Enhanced removal of detergent and
recovery of enzymatic activity following sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis: use of casein in gel wash buffer. Anal. Biochem.
189:68–74.

20. Monreal, J., and E. T. Rees. 1969. The chitinase of Serratia marcescens. Can.
J. Microbiol. 15:689–696.

21. Muzzarelli, R. A. (ed.). 1993. Chitin enzymology. European Chitin Society,
Ancona, Italy.

22. Nelson, E. B. 1988. Biological control of Pythium seed rot and preemergence
damping-off of cotton with Enterobacter cloacae and Erwinia herbicola ap-
plied as seed treatments. Plant Dis. 72:140–142.

23. Nelson, E. B., W. L. Chao, J. M. Norton, G. T. Nash, and G. E. Harman.
1986. Attachment of Enterobacter cloacae to hyphae of Pythium ultimum:
possible role in the biological control of Pythium preemergence damping-off.
Phytopathology 76:327–335.

24. Nelson, E. B., and A. P. Maloney. 1992. Molecular approaches for under-
standing biological control mechanisms in bacteria: studies of the interaction
of Enterobacter cloacae with Pythium ultimum. Can. J. Plant Pathol. 14:106–
114.

25. Neuhoff, V., N. Arold, D. Taube, and W. Ehrhardt. 1988. Improved staining
of proteins in polyacrylamide gels including isoelectric focusing gels with
clear background at nanogram sensitivity using Coomassie Brilliant Blue
G-250 and R-250. Electrophoresis 9:255–262.

26. Ordentlich, A., Y. Elad, and I. Chet. 1988. The role of chitinase of Serratia
marcescens in biocontrol of Sclerotium rolfsii. Phytopathology 78:84–88.

27. Park, J. H., and H. K. Kim. 1989. Biological control of Phytophtora crown

and root rot of greenhouse pepper with Trichoderma harzianum and Enter-
obacter agglomerans by improved method of application. Korean J. Plant
Pathol. 5:1–12.

28. Reissig, J. L., J. L. Strominger, and L. F. Leloire. 1955. A modified calori-
metric method for the estimation of N-acetylamine sugars. J. Biol. Chem.
217:959–962.

29. Roberts, D. P., and C. J. Sheets. 1991. Carbohydrate nutrition of Enter-
obacter cloacae ATCC 39978. Can. J. Microbiol. 37:168–170.

30. Roberts, W. K., and C. P. Selitrennikoff. 1988. Plant and bacterial chitinases
differ in antifungal activity. J. Gen. Microbiol. 134:169–176.

31. Rodriguez-Kabana, R., G. Godoy, G. Morgan-Jones, and R. A. Shelby. 1983.
The determination of soil chitinase activity: conditions for assay and ecolog-
ical studies. Plant Soil 75:95–106.

32. Sahai, A. S., and M. S. Manocha. 1993. Chitinases of fungi and plants: their
involvement in morphogenesis and host-parasite interaction. FEMS Micro-
biol. Rev. 11:317–338.

33. Shapira, R., A. Ordentlich, I. Chet, and A. B. Oppenheim. 1989. Control of
plant diseases by chitinase expressed from cloned DNA in Escherichia coli.
Phytopathology 79:1246–1249.

34. Simon, R., U. Priefer, and A. Puhler. 1983. A broad host range mobilization
system for in vitro genetic engineering: transposon mutagenesis in gram
negative bacteria. Bio/Technology 1:784–791.

35. Sneh, B., M. Dupler, Y. Elad, and R. Baker. 1984. Chlamydospore germi-
nation of Fusarium oxysporum f. sp. cucumerinum as affected by fluorescent
and lytic bacteria from a Fusarium-suppressive soil. Phytopathology 74:1115–
1124.

36. Tronsmo, A., and G. Harman. 1993. Detection and quantification of
N-acetyl-b-D-glucosaminidase, chitobiosidase, and endochitinase in solu-
tions and on gels. Anal. Biochem. 208:74–79.

37. Truitman, P., and E. Nelson. 1992. Production of non-volatile and volatile
inhibitors of Pythium ultimum sporangium germination and mycelial growth
by strains of Enterobacter cloacae (abstract). Phytopathology 82:1120.

38. Uthkede, R. S. 1986. Biology and control of apple crown rot caused by
Phytophtora cactorum: a review. Phytopathology 67:1–13.

39. Utkhede, R. S., and A. P. Gaunce. 1983. Inhibition of Phytophtora cactorum
by a bacterial antagonist. Can. J. Bot. 61:3343–3348.

40. Wisniewski, M., C. Wilson, and W. Hershberger. 1989. Characterization of
inhibition of Rhizopus stolonifer germination and growth by Enterobacter
cloacae. Can. J. Bot. 67:2317–2323.

1726 CHERNIN ET AL. APPL. ENVIRON. MICROBIOL.


